Intracellular brain pH and indicator tissue perfusion were measured with a lipid-soluble, pH-sensi tive fluorescent indicator in 10 rabbits who had either severe or moderate focal ischemia depending on whether the middle cerebral artery was occluded at its main trunk or bifurcation. Preocclusion tissue indicator perfusion was 50.1 ml/l00 glmin and intracellular brain pH was 7.03.
Summary: Intracellular brain pH and indicator tissue perfusion were measured with a lipid-soluble, pH-sensi tive fluorescent indicator in 10 rabbits who had either severe or moderate focal ischemia depending on whether the middle cerebral artery was occluded at its main trunk or bifurcation. Preocclusion tissue indicator perfusion was 50.1 ml/l00 glmin and intracellular brain pH was 7.03.
In severe focal ischemia, immediate postocclusion tissue perfusion was 12.7 mlllOO g/min and intracellular brain pH was 6.64. Four hours after occlusion, the perfusion was 5.2 ml/IOO g/min and intracellular brain pH was 6.08. There was EEG and histological confirmation of infarc-Most research on focal cerebral ischemia utilizes primates, dogs, or cats. Although monkeys are a good model for the production of a hemispheric in farct after middle cerebral artery (MCA) occlusion (Hudgins and Garcia, 1970; Sundt and Waltz, 1971; Sundt and Michenfelder, 1972; Hanson et ai., 1975) , their current cost makes them essentially prohibitive for many laboratories. Both dogs and cats have an abundance of leptomeningeal collat erals causing unpredictable variations in the size of infarction Crosby and Schnitzlein, 1981; Hubbard and Sundt, 1983) .
Therefore, there is a demand for an inexpensive an imal model that will yield reliable cortical infarction when the MCA is occluded, so as to provide a good control for the evaluation of pharmacological reg imens.
The rabbit has not been fully investigated as a tion. In the moderate focal ischemia group, immediate postocclusion flow was 20.0 mi/IOO g/min and intracel lular brain pH was 6.92. At 3 h, postocclusion tissue per fusion was 22.6 mlllOO g/min and intracellular brain pH was 6.86. Therefore, for the first 3 h, this ischemic pen umbra was stable. At the fourth hour, both cerebral tissue perfusion and intracellular brain pH worsened. This sug· gests that the ischemic penumbra is a dynamic state. The rabbit is a good experimental model for the production of both severe and moderate focal ischemia. Key Words: Cerebral ischemia-Cerebral tissue perfusion-Elec troencephalogram-Intracellular brain pH-Rabbit. potential model for focal cerebral ischemia. Jensen (1904) first demonstrated that the rabbit cortex was supplied solely by the internal carotid artery, unlike the dog, which receives contributions from the ex ternal carotid artery (Sagawa and Guyton, 1961) . Jeppsson and Olin (1960) showed that there was no rete mirabilis as in the cat. Scremin and colleagues; Pearce et aI., 1981; Scremin et aI., 1982) demon strated that the internal carotid artery supplied the ipsilateral cerebral cortex, subcortical nuclei except the thalmus, and posterior caudate primarily through the MCA. They also found a normal cere bral vascular response to hyper-and hypocapnia.
Several other researchers (Rozza Dionigi et aI., 1980; Angelini et ai., 1983; Orr et aI., 1983) have also demonstrated a normal CO2 response with measurements of CBP by xenon-133 and tracer mi crospheres. Recently, Yamamoto et al. (1984 Yamamoto et al. ( -1985 reported on ligation of the middle cerebral, anterior cerebral, and internal carotid arteries with assess ment of resulting infarcts by immunochemistry.
They suggested that the rabbit might be a good model for the evaluation of slow progressive infarc tion.
Most models of focal ischemia measure cerebral blood flow, EEG, and histology. However, intra cellular lactic acidosis has long been suspected to be a major factor in the evolution of cerebral in farction. Recently, a reliable, noninvasive method for determining intracellular brain pH has been de veloped (Sundt et aI., 1978; Sundt and Anderson, 1980a) .
The purpose of this investigation was to fully evaluate the rabbit as a model of severe focal ische mia by measurements of intracellular brain pH, cerebral tissue perfusion, EEG, and histology. Fur thermore, by occlusion of just one division of the MeA, a model of moderate focal ischemia was created. This zone of moderate ischemia was also evaluated by measurements of intracellular brain pH, indicator tissue perfusion, and histology.
METHODS

Animal preparation
Te n white New Zealand rabbits weighing between 3.5 and 4.5 kg were anesthetized with 4% inspired halothane, operated on and studied under 0.5% halothane. All ani mals were given 0.15 mg/kg pancuronium bromide to eliminate respiratory effort and were maintained throughout the experiment on a Harvard respirator.
Catheters were inserted into the femoral artery and vein for monitoring of blood pressure and arterial blood gases and the administering of drugs. A tracheostomy was performed, and a PE-50 cannula was inserted into the ligated external carotid artery for the delivery of um belliferone into the internal carotid artery. Prior to this experiment, five sham operations were performed to en sure that the internal carotid was correctly identified, and that delivery of Pelikan black dye into the internal carotid traveled through the exposed MCA under microscopic observation.
The MCA was approached through a retroorbital cran iectomy similar to that used in a cat (Sundt and Waltz, 1966) . The skin, subcutaneous tissue, and muscle were sharply dissected from the supraorbital ridge and parietal bone. Enucleation of the orbit permitted easier removal of the supraorbital ridge with rongeurs. Venous channels of the orbital fascia could bleed easily, but were con trolled with bipolar cautery and Gelfoam. The craniec tomy involved the parietal bone medial to the sagittal sinus, the temporal bone to the zygomatic arch, and the frontal bone down to the optic canal. The craniectomy was performed with a high-speed air drill and with the aid of an Olympus operating microscope. In this way, no pressure was exerted against the underlying cortex. The dura was removed, and a thin sheet of plastic Saran Wrap was placed on the cerebrum to keep the brain moist and prevent surface oxygenation. The MCA was easily iden tified at the inferior margin of the craniectomy between the frontal and temporal lobes. Invariably the main trunk gave rise to two main divisions, each of which then ascended over the parietal cortex. Figure 1 shows the op erative exposure. EEG leads were attached to six screws placed on the margins of the craniectomy.
Data recording
After the exposure, the animals were moved to an in travital microscope stage. Measurements of two separate FIG. 1. Middle cerebral artery (curved black arrow) gives off a temporal branch and then bifurcates into two parietal branches (straight black and white arrows). Occlusion of one parietal branch (black arrow) will give a region of severe ischemia (black asterisk). There will also be a region of moderate ischemia (circle) and a region of normal flow (triangle), both supplied by the branch left intact (white arrow). sites on the suprasylvian gyrus were taken at a Pac02 of 40, 20, 60, and 40 mmHg by altering the amount of in spired carbon dioxide and respiratory rate. A normal Pacol indicator tissue perfusion response curve ensured that autoregulation was intact within a normal blood pres sure range (Lassen, 1966) . A normal brain pH was evi dence that the cortex had not been injured and was met abolically normal. Afterward, the MCA was coagulated with bipolar cautery. Measurements of intracellular brain pH, cerebral tissue perfusion, arterial blood gases, and EEG were taken immediately before and after occlusion and for each hour afterward for a total of 4 h. The animals were sacrificed with a lethal KCL injection.
Intracellular brain pH-cerebral tissue perfusion measurements
The use of umbelliferone as a technique for measuring intracellular brain pH and indicator tissue perfusion in this laboratory has been previously discussed and docu mented (Sundt et aI., 1978; Sundt and Anderson, 1980a; Anderson and Sundt, 1983) . Umbelliferone is a fat-sol uble, pH-sensitive fluorescent indicator that freely dif fuses across the blood-brain barrier and is nontoxic. Its ionic and molecular forms are fluorophors with different fluorescent characteristics (Fink and Koehler, 1970) . It is possible to create a nomogram relating pH to the ratio of the 450-nm fluorescent curves of the indicator from 340and 370-nm excitation. The use of this nomogram and an example calculation of intracellular brain pH and tissue perfusion can be found in a recent article from this lab oratory (Anderson and . Each intracellular brain pH measurement was accompanied by simulta neous indicator tissue perfusion and blood gas determi nations. The field of view of the cortex was an avascular region 80 fLm in diameter.
Umbelliferone measures intracellular brain pH (Sundt and Anderson, 1980a,b) and is relatively unaffected by extracellular brain pH (Sundt and Anderson, 1980a) . Ex tracellular pH is probably regulated by H+-HCOi across the blood-brain barrier (Siesj6, 1972) . Manipula tion of systemic pH in monkeys resulted in corre sponding changes in extracellular brain pH (Dusser de Barenne et aI., 1937) . However, addition of either HCL or NaOH to the systemic circulation in cats did not alter brain pH as measured by umbelliferone (Sundt and An derson, 1980a) . Therefore, measurement of brain pH in ischemia with umbelliferone will reflect predominantly intracellular brain pH.
After the MCA occlusion, a minimum of two different locations on the cortex were measured for intracellular brain pH and indicator tissue perfusion. The x and y co ordinates were recorded so these locations could be suc cessively evaluated each hour. Main trunk occlusion pro duced severe ischemia of the entire exposed cortex. However, if just one main division was occluded, a border zone of moderate ischemia developed (Fig. I) . This zone was located approximately halfway between the occluded and the patent branches and could be vi sually identified by subtle color changes of the cortex under microscopic observation. Confirmation of sus pected border zones was by measurements of a reduced indicator tissue perfusion with only minimal changes in intracellular brain pH as opposed to severe ischemia re gions that showed a dramatic drop in both indicator tissue perfusion and intracellular brain pH. This border zone of reduced flow with near-normal intracellular brain pH is termed "moderate ischemia" in this article.
Tissue perfusion was determined by the washout curve of the molecular form of the umbelliferone over a 60-s time period beginning after the arterial spike using the initial slope index. Since this technique measures flow only in the outer I mm of cortex, it avoids the "look through" phenomena (Hanson et aI., 1975) obtained with xenon-133. It is also noninvasive and does not violate the cortex as hydrogen clearance microelectrodes do. Clear ance of umbelliferone is thought to be dependent on dif fusion from capillary to glial cell to neuron. The decrease in CO2 reactivity with hypercapnia as compared to xenon-133 reflects this rate-limiting step (Sundt and An derson, 1980a) .
For the initial Pac02 response curve, umbelliferone was delivered through the external carotid catheter into the internal carotid artery. After MCA occlusion, the umbel liferone was first injected through this catheter. If there was sufficient tissue pH indicator fluorescence due to col lateral flow, those curves were used; if not, a slow 30-s intravenous injection was utilized until the pH indicator fluorescence was statistically adequate to ensure reliable calculations over the baseline NADH fluorescence (Sundt and Anderson, 1980a) .
pH instrumentation
The microspectrofluorometer used in this experiment was equipped with optics for bright-field illumination that permitted low-intensity excitation energy, high-efficiency recording from a small avascular area of the cortex (80-fLm diameter); a high-speed filter wheel with four inter ference filters, which allowed synchronization of the emission fluorescence signal at 450 nm with the 340-and 370-nm excitation bands; and an emission-recording system consisting of a high-sensitivity thermoelectrically cooled photomultiplier tube attached to a high-efficiency grating monochromator. Fluorescent emission measure ments were amplified by a cascaded electrometer ampli fier and directed into a photodemodulator synchronized with the filter wheel. The fluorescence washout curves were recorded on a strip chart recorder. Instrumentation is fully detailed in previous reports (Sundt et aI., 1978; Sundt and Anderson, 1980a) .
Statistical analysis
The significance of each measurement of intracellular brain pH and indicator tissue perfusion was calculated by either paired or unpaired t test with n = 10, the number of measurements performed at each of two sites for each time interval. The deviation from mean values is ex pressed as standard error. 1; Fig. 2 )
RESULTS (Table
Stability of the preparation
Prior to this experiment, three rabbits without
MeA occlusion underwent serial measurements of intracellular brain pH and indicator tissue perfusion for 4 h after a normal Paco2 response curve. The initial intracellular brain pH of these three animals was 6. 98 ± 0.02 and at 4 h it was 6. 98 ± 0.03. Initial indicator tissue perfusion was 48.1 ± 3.7 miIlOOg/ min and at 4 h it was 43. 0 ± 4. 0 mlllOOg/min, a difference that was not statistically significant. 30. 1 ± 5. 1 mlllOO g/min at hypocapnia, and 61. 3 ± 6. 3 mlllOO g/min at hypercapnia. The preocclusion intracellular brain pH was 7. 03 ± 0. 05.
Intracellular brain pH -indicator tissue perfusion after MeA occlusion
Severe ischemia measurements were obtained in five animals that had MCA trunk occlusion and in five animals that had identification of severe ische mia regions after branch occlusion. After branch occlusion, three regions of cortex were clearly iden tified (Fig. 1) . First, there was a region of severe ischemia whose tissue perfusion and intracellular brain pH measurements were not statistically dif ferent from those in regions of severe ischemia in animals with trunk occlusion. Therefore, these measurements were included with those of MCA trunk occlusion to yield 10 sites of severe ischemia evaluated for 4 h after occlusion. Second, there was a region with normal perfusion and intracellular pH 7. 301 ± 0.029 M: 6.74 ± 0.09 14. 5 ± 3. 6 s: 6. 08 ± 0.15 5. 2 ± 1. 5 5. 30 ± 0.08" supplied by the MCA branch left intact. Third, be tween these two zones there was a region of mod erate ischemia, with tissue perfusion that was 40% of the preocclusion control values. Each animal un derwent measurements of two sites to yield a total of 10 sites of moderate ischemia evaluated for 4 h after occlusion.
In the severe ischemia sites, there was an im mediate drop in tissue perfusion to 12. 7 ± 2. 3 mil 100 g/min. This was associated with an immediate ( < 10 min) profound drop in intracellular brain pH to 6. 64 ± 0. 06. This zone of severe ischemia con tinued to demonstrate consistent reductions in both tissue perfusion and intracellular pH over the en suing 4 h. Four hours after occlusion, the actual indicator tissue perfusion was 5. 2 ± 1. 5 mll100 gl min and intracellular brain pH was 6. 08 ± 0. 15.
Compared with the preocclusion values, the reduc tion in both blood flow and pH at each measured interval was statistically significant (p < 0. 001, paired t test).
In the moderate ischemia regions immediately after occlusion, flow was 20. 0 ± 2. 0 mlllOO g/min with an intracellular brain pH of 6. 92 ± 0. 06. This reduction in flow was statistically significant (p < 0. 001, paired t test), whereas the pH value was not. In rabbits with branch occlusion. the region of severe ische mia was measured and added to the data from rabbits with MeA trunk occlusion. In the region of moderate ischemia. two separate sites were measu red; therefore. n = 10 at each site. Severe ischemia group (solid line) had an immediate drop in tissue perfusion to 12.7 ± 2.3 ml/100 g/min and in intracellular brain pH to 6.64 ± 0.06. The moderate ischemia group (dashed line) had an immediate postocclusion tissue perfusion of 20.0 ± 2.0 ml/100 g/min and an intracellular brain pH of 6.92 ± 0.06. These animals were observed for 4 h postocclusion. The P .c02 response curve is a pooled mea surement of two sites in each animal (n = 20). Intracellular brain pH measured 30 min after death (t) was 5. 30 ±O.OB.
Three additional animals without MeA occlusion (dotted line) had measurements of intracellular brain pH and indi cator tissue perfusion for 4 h after a normal P .c02 response curve to assess the stability of the preparation.
paired t test). At 4 h postocclusion, the brain pH was 6. 74 ± 0.09, consistent with the decline in tissue perfusion.
The differences in indicator tissue perfusion and intracellular brain pH between the severe ischemia and moderate ischemia groups were statistically sig nificant immediatel y after occlusion (p < 0. 001, paired t test) and for each successive hourly mea surement.
EEG correlates
Figure 3 demonstrated the typical EEG appear ance of the rabbit cortex with severe ischemia.
Preocclusion EEG consisted primarily of a 6 to 10-Hz rhythm (Longo, 1962) 
Histological correlates
In two animals, the brains were carefully re moved after 4 h of occlusion, prepared in a paraffin block, and then sliced and stained with hematoxylin and eosin. One animal with MCA trunk occlusion had measurements of tissue perfusion and intracel lular pH that were comparable with the norm of severe ischemia. The second animal had branch oc clusion with identification of a region whose mea surements of tissue perfusion and intracellular pH were comparable with the norm of moderate ische mia. This specific section of cortex was evaluated microscopically. brain that had severe ischemia after MCA trunk oc clusion. Although the time of ischemia was only 4 h, there were early morphological changes suppor tive of ischemic cell damage (Kalimo et aI., 1982) .
The cytoplasm had hyperchromatic clumps, and the cytoplasmic and nucleolar membranes were irreg ular and poorly defined. There also appeared to be increased interstitial space between neurons and glial cells, suggestive of early edema. These changes were uniform throughout the cortex sub jected to severe ischemia. The majority of neurons demonstrated morpholog ical alterations as described in Fig. 4, hyperchro matic clumps, and poorly defined nuclear and cy toplasmic membranes. However, 30% of the neu rons examined appeared normal.
Intracellular brain pH at death
In four animals, umbelliferone was injected im mediately prior to a lethal KCL injection. The in tracellular brain pH was then measured 30 min after death. Intracellular brain pH was 5.30 ± 0.08 in these animals.
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DISCUSSION
These results demonstrate that the rabbit is an excellent model of focal cerebral ischemia. Occlu sion of the MCA reliably produced cortical infarc tion, as evidenced by an immediate and progressive reduction in indicator tissue perfusion and intracel lular brain pH. There was excellent EEG support for severe neuronal dysfunction and morphological changes on light microscopy tissue sections.
Lactic acidosis has long been suspected to be a major factor in irreversible neuronal damage, and recovery is inversely correlated to the level of lactic acidosis (Ljunggren et al.. 1974; Siesj6, 1978 Siesj6, , 1984 Ginsberg et ai, 1980; Rehncrona et al.. 1980 Rehncrona et al.. , 1981 .
Presumably, the initial drop in intracellular brain pH mation (Myers, 1979a,b; Kalimo et ai., 1981; Schuier and Hossmann, 1980; Plum, 1983) , which in turn would further compromise substrate de livery. It is not possible to determine precisely at what intracellular pH level neuronal death occurs, or alternatively what the intracellular pH is when irreversible cell damage is present. The dramatic intracellular acidosis demonstrated implies that there was severe energy failure, a lack of AT P for the N a + , K + pump (Michenfelder and Sundt and Michenfelder, 1972) . As suggested by Siesjo (1981 Siesjo ( , 1984 , energy failure leads to a rise in intracellular calcium with activation of lipase and liberation of free fatty acids. Therefore, measure ment of intracellular brain pH during ischemia not only is an assessment of acidosis but indirectly re flects energy failure.
By occlusion of just one division of the MeA, a region of moderate ischemia was created. This zone would correlate well with the concept of an ische mic penumbra, a region of reduced t10w with re versible damaged neurons surrounding a zone of in farction (Astrup et ai., 1981) . The ischemic pen umbra was first used to describe a region of reduced t10w between the threshold of electrical failure and the threshold for membrane failure. In humans, the threshold for electrical failure under halothane an esthesia was considered to be 18 mill 00 g/min as determined by changes in EEG during carotid end arterectomy (Sharbrough et aI., 1973; Tr ojaborg and Boysen, 1973) . Branston et al. (1974) then dem onstrated that there were alterations in somatosen sory evoked potentials when flow fell to 15 ml/IOO g/min. A second threshold of membrane or ion pump failure was determined to be 10 mlllOO g/min (Astrup et aI., 1977; Branston et aI., 1979) . This threshold of membrane failure probably approxi mates closely the threshold for infarction. In our study, use of umbelliferone clearance is an assess ment of cerebral bloodflow that differs from other techniques that utilize xenon-133, krypton-85, or microspheres. However, our blood t10w measure ments are within the values mentioned above for the various thresholds. Our penumbra had an im mediate postocclusion flow of 20 ml/l00 g/min, whereas our developing infarct had a t10w of 12ml/ 100 g/min. Interestingly, each of these flows dif fered by only + 2m1l100 g/min. Furthermore, it ap pears that the threshold of pH failure approximates closely the threshold of ionic or membrane failure.
Evidence that a penumbra is not static comes from two observations in this study. First, the he matoxylin and eosin section in Fig. 5 contained neu rons that showed early ischemic changes. These changes were not as diffuse as those in the severe ischemia cortex in Fig. 4 . This is similar to changes noted by Strong et al. (1983) in an ischemic pen umbra model of the cat cortex. Second, the pen umbra had, for the first 3 h after occlusion, only a mild drop in intracellular brain pH. However, at the fourth hour, there was a significant drop in both indicator tissue perfusion and intracellular brain pH. The drop in tissue perfusion may have been secondary to either progressive edema from the ad jacent infarct or fatigue of collaterals. The clinical importance is that this zone of reversibly damaged neurons is an evolving process, and that therapeutic measures for the treatment of stroke should address the necessity of salvaging neurons within this pen umbra zone.
